Abstract: Retinitis pigmentosa (RP) is a group of inherited retinal disorders characterized by progressive loss of photoreceptors and eventually leads to retina degeneration and atrophy. Until now, the exact pathogenesis and etiology of this disease has not been clear, and many approaches for RP therapies have been carried out in animals and in clinical trials. In recent years, stem cell transplantation-based attempts made some progress, especially the transplantation of bone marrow-derived mesenchymal stem cells (BMSCs). This review will provide an overview of stem cell-based treatment of RP and its main problems, to provide evidence for the safety and feasibility for further clinical treatment.
Introduction
Retinitis pigmentosa (RP) is a group of inherited retinal disorders characterized by progressive loss of photoreceptors and eventually leads to retina degeneration and atrophy. New approaches for RP therapies include: cell transplantation therapy [1] , gene therapy [2, 3] , cytokine therapy [4] , nutrition therapy [5] [6] [7] , and hyperbaric oxygen therapy [8] . Present therapies for RP are restricted in their efficacy or safety, for example: maintainence of long-term efficacy using a single injection of OPEN ACCESS cytokines is difficult, but there is a risk of infection after repeated intra-vitreous injections in cytokine therapy [9, 10] . Gene therapy has been shown to improve visual function in inherited retinal disease [11, 12] . RP is a hereditary cause of blindness, which has four main modes of inheritance: Autosomal dominant RP (ADRP), autosomal recessive RP (ARRP), X-linked RP (XLRP) and dihybrid inheritance, also mitochondrial genetic and non-genetic forms [13] [14] [15] [16] . Thomas and colleagues injected rAAV2-VMD2-hMERTK vector into the subretinal space of RCS rats and SD rats; it showed improvement of visual function in RCS, they also performed a series of safety studies in normal SD rats, and demonstrated that no local or systemic toxicity was detected after either dose of vector delivery and no indication of vector spread outside the treated eye [17] . This group also prompted a phase I clinical trial in which rAAV2-VMD2-hMERTK vector were injected into the subretinal space of patients with retinal disease due to MERTK mutations.
In recent years, cell transplantation therapy in retinitis pigmentosa has made progress. Researchers have found that the transplanted cells can be used as a substitute for degenerated cells or they can release some growth factors to enhance cell survival, growth and function of retinal cells. Transplanted cells types are: retinal pigment epithelium (RPE) [1] , schwann cells [18] , central nervous system stem cells [19] , olfactory ensheathing cells [20] , retinal stem cells [21] , hematopoietic stem cells [22] and embryonic stem cells [23] . However, the clinical use of these cells have several problems, such as: limited availability of pluripotent retinal stem cells [24] , and rejection by the host immune system in either allogeneic or xenogenic host species recipients [25] , thus researchers prefer BMSCs for transplantation therapy. Table 1 shows a comparison of other source of stem cells used for stem cell therapy. 
Retinal progenitor cells
Derived from fetal or neonatal retinas [21] , if isolated from the developing retina at a suitable stage, photoreceptor precursors may be obtained [26] .
Can migrate into retinal layers, develop morphological characteristics of various retinal cell types [27] .
Ethical and immune rejection issues [28] .
Embryonic stem cells (ESC)
Derived from inner cell mass of blastocyst-stage embryos.
ESC can differentiate into photoreceptor progenitors, photoreceptor, or retinal pigment epithelium (RPE) [29] [30] [31] .
Ethical and immune rejection issues, associated with teratoma formation [32, 33] .
Induced

Pluripotent Stem Cells (iPS)
Pluripotent ESC-like cells reprogrammed in vitro from terminally differentiated somatic cell [34] .
Use as disease model by integrating iPS derived from retinitis pigmentosa patient [35] .
iPS can differentiate into functional RPE [35] and photoreceptor precursor cells [36, 37] .
It has the risk of viral integrations and oncogene expression [38] . Bone marrow derived cell population, have the ability to self-renew and give rise to multiple tissue types [39] . Other sources of MSC including adipose tissue, placenta and cord blood [40] [41] [42] [43] .
Could be induced into cells expressing photoreceptor markers [44] , the experiment demonstrated that the cells slow down retinal cell degeneration [45] . Some even carried on clinical trials [46] [47] [48] .
Low rate of cell survival and migration in the retina [49] . Biosafety issues.
Olfactory Ensheathing Cells (OECs)
A type of glia cells capable of continuous growth and regeneration of olfactory axons into the CNS [50, 51] .
Cleaned up the accumulated debris in subretinal space, and provided an intrinsic continuous supply of neurotrophic factors, reduced the gliotic injury response of Muller cells [20, 52] .
Mainly used to promote regeneration of lesion spinal cord axons [50] .
Human Neural Progenitors
In the CNS, the cells derived from prenatal cortex.
Could rescue long-term vision function and associated morphologic substrates in a rat model of photoreceptor degeneration [53, 54] .
Protected dying host neurons within both the brain and spinal cord [55, 56] .
The Problems Exist in Gene Therapy
Most gene therapies involved integration of vector DNA into the specific cells of retina [17, 57] , and even combine RNA interference (RNAi)-based gene silencing with gene replacement in RP [58, 59] . Gene therapy needs to comply with the following principles: first, the genetic material of the pathogenic cells which suffered deletions or mutations of genes should be modified to recover part or all of functions, and second, the expression of genetic material should have no side effects in specific cells. Viruses are widely used as vectors for gene therapy and they are small in size and can transduce many cell types.
However, several problems still exist in gene therapy: (1) Gene therapy to introduce trophic factors or to correct mutated genes may help in the early stages [60] [61] [62] , but this treatment is less effective with disease progression. Only recently, attempts at using AAV2/8 gene therapy to functionally rescue Pde6β mouse models of RP, has shown long-term rescue effects [12, 63] . It was not found when using lentiviral, or other AAV serotypes in the majority of the reported studies [61, 62] . And only one AAV gene therapy case has now shown a long-term rescue in a slow photoreceptor degeneration Pde6β mouse model; studies have not been conducted on other kind of animal models of RP; (2) Despite the typical hereditary RP, there are still many reports about the lack of retinal disease with a family history, these patients are called-Sporadic retinitis pigmentosa (SRP). The majority of the SRP are confirmed as ARRP [64] , and some others are dihybrid inheritance [65] and mitochondrial genetic forms [66] . Especially the onset time was adult and elderly in patients, this type of RP may be non-hereditary [16] , gene therapy has no effect on this kind of RP; (3) An experiment also demonstrated the treatment using AAV-mediated did not significantly ameliorate cell death. Schlichtenbrede and his colleagues proved that significant loss of retinal function after intraocular gene delivery of ciliary neurotrophic factor with AAV, both in normal mice and in the model of RP [67] ; (4) Viruses are widely used, but they have limitations, gene expression decreased over time [68] , and manufactured less cost effectively. However, the efficiency and duration of ordinary nonviral vector-mediated gene transfer to the retina are rather poor compared with viral vectors. Delgado and colleagues report that they used rational nonviral vectors based on solid lipid nanoparticles (SLN) to overcome the poor efficiency problem, but the expression of the target gene depended on the cells and administration routes [69] ; (5) The effect of gene therapy is also dependent on the stage of disease. Researchers demonstrated that greater improvements of the retina's morphology and function are generally seen in younger mice than adult mice [70] . These results emphasized the importance of early detection in RP patients.
The Progress of Stem Cell Treatment
Several studies showed that BMSCs could differentiate into chondrocytes, fibroblasts, adipocytes, cardiomyocytes, and skeletal muscle cells in vitro [71] [72] [73] , (also see Table 2 the stem cell therapy used in other tissues).
The differentiation of BMSCs into neuronal cells had great concern for a long time. The experiments confirmed that BMSCs could differentiate into neuron-like cells in the appropriate induction medium or cytokines in vitro [74, 75] . In vivo experiments showed that BMSCs could differentiate into neuron-like cells and the way of neurogenesis, maturation, and migration was also the same as in neural stem cells. In the field of ophthalmology, BMSCs could be induced to differentiate into corneal epithelial cells, retinal photoreceptor-like cells, etc. [44, 76] . Table 2 . Stem cell therapy used in other tissues.
Function
Types of Stem Cells Application Antenatal Diagnosis [77]
Menstrual-derived stem cells
While more insight on their immunomodulatory and diagnostic properties is needed, the impact of clinical and epidemiological factors, such as age, use of contraceptives, or hormonal status still requires further investigations to properly assess their current and future use in clinical application and diagnosis.
Protection and Repair the Developing Brain [78]
Cord blood and amnion epithelial derived cells Perinatal brain injury may result from acute or chronic insults sustained during fetal development, during the process of birth, or in the newborn period. The stem cells have the potential for transplantation to the newborn where brain injury is diagnosed or even suspected.
Malignant Glioma [79]
Neural stem cells, and multipotent mesenchymal stromal cells
Tumour cell-derived substances and factors associated with tumour-induced inflammation and tumour neovascularisation can specifically attract stem cells to invasive gliomas. Injected stem cells engineered to produce anti-tumour substances showed strong therapeutic effects.
Liver and Pancreas [80]
Hepatic stem/progenitor cells, mesenchymal stemcells and hematopoietic stem cells Hepatic stem/progenitors cells were transplanted into the hepatic artery of patients with various liver diseases and immunosuppression was not required MSCs have demonstrated significant effects through paracrine signaling of trophic and immunomodulatory factors. 
Amyotrophic Lateral Sclerosis [82]
Mesenchymal/ blood-derived stem cells Amyotrophic lateral sclerosis (ALS) is a devastating neurodegenerative disorder that is characterized by progressive degeneration of motor neurons in the cortex, brainstem and spinal cord. There is more rationale for using stem cells as support cells for dying motor neurons as they are already connected to the muscle.
Bladder Dysfunction [83]
Adipose derived stem cells, bone marrow stem cells, and skeletal muscle derived stem cells
The therapeutic efficacy of stem cells was originally thought to be derived from their ability to differentiate into various cell types. The main mechanisms of stem cells to reconstitute or restore bladder dysfunction are migration, differentiation, and paracrine effects.
Neuropathic Pain [84]
Human mesenchymal stem/stromal cells Human mesenchymal stem/stromal cells produce a large variety, and the secretion of neurotrophic factors by stem cells provides neuroprotection and neuroregenerative effects of trophic factors.
Kidney [85]
Renal stem/ progenitor cells Renal stem/progenitor system is present in the tubules, interstitium, and glomeruli of the adult kidney and functions as the main drivers of kidney regenerative responses after injury by secreting renotropic factors.
Cardiac Disease [86]
Cardiac In 2002, Otani et al. published the article about the use of BMSCs in the field of ophthalmology: They used mice bone marrow-derived endothelial precursor cells (EPCs) to inject into the vitreous cavity of mice and proved that the cell can participate in the formation of blood vessels in the retina [22] .
After that, researchers tried different types of cells and methods, and some of them could promote photoreceptor cell survival [45] , the stem cells even could differentiate into retinal cells and improve retinal function [44, 89] . But most experiments were carried on animals. They provided evidence of safety and feasibility of stem cells transplantation, so several clinical trials were conducted. Encouraging progess prompted phase I and phase II clinical trials in which autologous bone marrow-derived mononuclear cells were injected into the vitreous of RP patients. Laongsri Atchaneeyasakul et al., and Sachin Jamadar et al., also prompted a phase I and phase I/II in RP patients, the effect is still be observed.
In 2010 and 2011, the ACT company in United States received two FDA approvals for using hESC to treat macular degeneration diseases in phase I/II clinical trials. They transplanted hESC-derived RPE into the subretinal space of patients. After surgery, structural evidence confirmed cells had attached and continued to persist during the study and they did not identify any signs of hyper proliferation, abnormal growth, or immune mediated transplant rejection during the first 4 months; during the observation period neither patient lost vision [90] .
Jost and his colleagues carried out a clinical trial about injection of autologous bone-marrow-derived cells into the vitreous cavity on 3 persons, who suffered at the end stage of the ocular diseases. At the end of follow-up (no more than 1 year), visual acuity was unchanged for all patients. But this report suggests that the injection of stem cells into the vitreous cavity is technically feasible. Possible reasons for unchanged visual acuity might be that at the end stage of the ocular diseases the cells can not give full play to eye [47, 48] . Studies evaluated the pharmacokinetics of ciliary neurotrophic factor (CNTF) delivered over a period of up to 2 years by an intraocular encapsulated cell technology (ECT) implant in patients with RP and geographic atrophy (GA). Implants produced CNTF consistently over a 2 year period. In both GA and RP clinical studies, no serious adverse events occured over the course of either the 12-or 24-month study and the clinical trial results provided evidence that sustained intraocular delivery of CNTF protected the retina from degeneration [91] . Rubens and his colleagues carried out a phase I clinical trial including 3 patients with retinitis pigmentosa and 2 patients with cone-rod dystrophy; they were injected with autologous bone marrow-derived mononuclear cells into the vitreous cavity; after 10 months, no detectable structural or functional toxicity was observed [92] . They also demonstrated that autologous bone marrow-derived mononuclear cells had a positive effect on cystoid macular oedema (CMO) associated with RP. The improvement of the oedema led to an improvement in visual acuity and an improvement in macular sensitivity, as measured by the microperimetry test [93] . Thus, the most suitable stage for RP patients to receive the cells should be taken into consideration. Registered clinical trials on mesenchymal stem cells for retinal diseases are shown in Table 3 .
From the results of animal experiments to clinical trials, we predict that the use of stem cells for retinitis pigmentosa is a promising treatment. 
Mechanisms of Stem Cell Therapy
The mechanisms of cell transplantation stem cells therapy for retinal degenerative diseases: (1) cell replacement uses healthy stem cells to replace degenerated cells; (2) nutritional support transplants healthy stem cells to promote the survival of surrounding cells by secreting the trophic factors; (3) protection of the retinal blood vessels and cones by upregulating antiapoptotic genes; (4) promotion of new synaptic connections.
Cell Replacement
Researchers hold the opinion that transplanted stem cells can differentiate into retinal cells and integrate into the retina of patients, and that the differentiated stem cells replace the apoptotic or injured retinal cells [94] .
Many studies demonstrated that the stem cells have the potential to differentiate into photoreceptor cells mainly by three methods, including gene transduction, taking advantage of cell carrier and using cytokines. One finding suggested noggin-transduced hBMSCs produced more photoreceptor cells. The noggin gene was transferred into adult hBMSCs, these cells expressed multiple markers including rhodopsin after differentiation [95] . Nadri and colleagues used nanofibrous scaffolds as cell carriers to shape the photoreceptor-like cells from conjunctiva mesenchymal stem cells [96] . They also used amniotic membranes to induce mesenchymal stem cells from a trabecular meshwork to photoreceptor-like cells [92] . Researchers found that after incubation of rat BMSCs with epidermal growth factor (EGF), taurine or activin A, 20%-32% of the cells expressed rhodopsin [44] .
Many studies showed that the stem cells can differentiate into photoreceptor cells and/or RPE in the microenvironment of retinal degeneration.
Kicic et al. induced BMSCs that expressed rhodopsin. The RCS rats were transplanted with those cells into the subretinal space, after 2 weeks the cells were mainly located in the outer nuclear layer of the retina and also expressed rhodopsin. The results also have shown that differentiated cells can attract synaptic vesicles, which indicates that it is possible to improve the visual signal pathway [44] . Tomita et al., found that after transplantation of BMSCs into the vitreous cavity of rats with damaged retinas, the BMSCs could protect the normal structure of the outer nuclear layer (ONL) of the retina, and also express surface antigens of astrocytes (glial fibrillary acidic protein, GFAP) and retinal photoreceptor cell (rhodopsin) [97] . Researchers also demonstrated that cells can express rhodopsin in rat BMSCs transplanted into the subretinal space of sodium iodate-injected rats [98] . Arnhold et al., also proved that BMSCs transplanted into the subretinal space of the rhodopsin knockout mouse, can express rhodopsin [99] . Huo proved that MSCs can survive mainly in the outer layer of retina in the microenvironment of retinal degeneration and differentiate forward the RPE cells and photoreceptors [100] .
Mouse embryonic stem (ES) cells also can differentiate into RPE-like cells in vitro and then restore retinal function in a mouse model for retinitis pigmentosa by transplanting the cells into the subretinal space. Based on this finding, it was proved that ES cells can differentiate, morphologically and functionally, into RPE-like cells [30] . Colozza and his colleagues proved that after transplantation of progenitor stem cells, the cells can be stimulated to become replacement photoreceptors and supportive outer retina cells can theoretically lead to treatments that restore visual function [101] .
Many studies showed that stem cells have the potential for differentiation into retinal cells in vitro or in vivo and even participate in signal pathways, and further improve retinal function.
Nutritional Support
Researchers have assumed that the function of transplanted cells is releasing diffusible factors and acting as a local cell delivery system for trophic factors.
A recent study investigated whether BMSCs secrete factors to promote photoreceptor cell survival. In vivo, subretinal transplantation of BMSCs of Pcrx2K-lacZ transgenic mice could promote photoreceptor survival in RCS rats. In vitro, they demonstrated that the conditioned medium of the MSCs delayed photoreceptor cell apoptosis. These results suggest that BMSCs are a useful cell source for secreting factors and that these factors can promote photoreceptor cell survival [45] . When RCS were received BMSCs by tail vein at an age before major photoreceptor loss, visual function was significantly preserved; semi-quantitative RT-PCR analysis indicated there was up-regulation of growth factors and immunohistochemistry revealed that there was an increase in neurotrophic factors. This study thus demonstrated that stem cells can secrete neurotrophic factors to promote photoreceptor cell survival [102] .
Studies using a co-culture system between rat BMSCs and hippocampal neurons without any direct contact have shown that BMSCs are capable of supporting survival of hippocampal neurons. This directly proved that the release of nutritional substances from BMSCs was necessary for neuronal survival [103] .
Protection of the Retinal Blood Vessels and Cones
RP is characterized by degenerative changes in the photoreceptors, primarily rods and secondarily cones. Loss of retinal vasculature is a presumed metabolic consequence of photoreceptor degeneration [104] .
Using a fraction of bone marrow derived stem cells which contained endothelial precursors can rescue retinal blood vessels that would ordinarily completely degenerate, a dramatic neurotrophic rescue effect is also observed. Microarray analysis of rescued retinas demonstrates significant up-regulation of many antiapoptotic genes [22, 105] . The BMSCs were injected to RCS by tail vein at an age before major photoreceptor loss, and after an extended period, the number of pathological vascular complexes (abnormal vessels associated with migrating pigment epithelium cells) and area of vascular leakage that would ordinarily develop were dramatically reduced [102] .
Researchers observed that the bone marrow-derived stem cells (whether derived from defective mice or wild-type mice), after transplantation can preserve cone vision. It is suggested that in humans, the patient's own, or a normal person's bone marrow cells may provide potential cone neuroprotection to preserve central vision [104] .
Promotion Synaptic Connections
MacLaren and Bartsch have showed that in a specific period (donor cells were taken from the developing retina at a time coincident with the peak of rod genesis) stem cells from mice can integrate into the adult or degenerating mice retina, form synaptic connections with retinopathy and effectively improve visual function [26, 106] .
Problems to Be Solved
Despite the recent progress made by stem cell transplantation therapy for retinal degeneration, many challenges remain.
Immunity Effects of Subretinal Space in Stem Cell Therapy
The retina is physically isolated from the systemic immune system and has low immunogenicity. But immune rejection is still treated as a major barrier, especially in humans, whose genetic makeup is more heterogeneous than experimental models [107, 108] . After stem cells transplantation into the subretinal space, systemic immunity appeared to exert a slow influence. Transplantation of RPE cells was performed in two strains of RCS rats, which have incompatible major histocompatibility complex (MHC) haplotypes. Despite the absence of acute immune rejection, the increased loss of photoreceptor cells showed chronic rejection [109] .
But some researchers hold another opinion, allogeneic transplants from animals prove that the subretinal region is immune privileged because of the presence of the blood-brain and blood-retinal barriers, making it possible to transplant cell into the human retina. Human embryonic stem cell (shESCs) were transplanted into the subretinal and epiretinal space of mice, then the mice were examined for survival of hESCs. It was shown that the cells survived in a xenogenic environment without immunosuppression as long as the blood-retinal barrier was not breached by the transplantation procedure [110] .
Low Rate of Cell Survival and Migration
A direct correlation between grafted cell density and numbers of surviving photoreceptor cells is strong evidence for the rescue effect. But a low rate of transplanted cell survival is a major problem in stem cell therapy [49] .
Although some cells will integrate into the host retina, a high percentage of dissociated transplanted photoreceptor precursors remain in the subretinal space without contact to the host retina [106, 110, 111] .
The natural barrier of stem cell migration is the extracellular matrix (ECM) [112] . Researchers have adopted a variety of ways to improve transplantation efficiency, such as using laser injury to disrupt the natural physical barriers at the outer retina, or disrupting the outer limiting membrane junctional proteins (Crb1 and ZO-1) to increase integration [113] [114] [115] .
Researchers suggest that the OLM presents a physical barrier to photoreceptor integration following transplantation into the subretinal space in the adult mouse. Pharmacological disruption of the outer limiting membrane leads to increased retinal integration of transplanted photoreceptor precursors [116] 
Biosafety Issues
Firstly, it is important to solve stem cells massive amplification problem.
Secondly, differentiated stem cell therapy must meet the criteria in clinical applications, such as: Cells can be provided in unlimited quantities, produced cells have no pathogens, no differences among batches, ensure every stem cell can differentiate into the desired cells for eye treatment.
Thirdly, transplants should not form tumors or be harmful to recipients; mechanisms of action need to be clarified.
Fourthly, it must be determined which kind of stem cell is most suitable for stem cell therapy, the dosage, and the most suitable stage for RP patients to received the cells.
Outlook for the Treatment of Retinitis Pigmentosa
The studies using stem cells in animal models and clinical trials have demonstrated promising results and provide encouraging groundwork on which to continue research in the pursuit of optimal cellular therapies for the treatment of RP. Clinical trials suggest that stem cell injection is technically feasible and has no detectable structural or functional toxicity in the long term. With the progress of study, more and more treatment methods are constantly improved. The current treatment methods and means are mainly through the inhibition of apoptosis, and protection, replenishment or repair of the RPE and photoreceptor cells. Improvement of their comprehensive treatment programs and treatment effectiveness is the direction of our future efforts.
